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Abstract

Biparatopic antibodies (bpAbs) are engineered antibodies that bind to multiple

different epitopes within the same antigens. bpAbs comprise diverse formats,

including fragment-based formats, and choosing the appropriate molecular for-

mat for a desired function against a target molecule is a challenging task.

Moreover, optimizing the design of constructs requires selecting appropriate

antibody modalities and adjusting linker length for individual bpAbs. There-

fore, it is crucial to understand the characteristics of bpAbs at the molecular

level. In this study, we first obtained single-chain variable fragments and cam-

elid heavy-chain variable domains targeting distinct epitopes of the metal bind-

ing protein MtsA and then developed a novel format single-chain bpAb

connecting these fragment antibodies with various linkers. The physicochemi-

cal properties, binding activities, complex formation states with antigen, and

functions of the bpAb were analyzed using multiple approaches. Notably, we

found that the assembly state of the complexes was controlled by a linker and

that longer linkers tended to form more compact complexes. These
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observations provide detailed molecular information that should be considered

in the design of bpAbs.
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1 | INTRODUCTION

Bispecific antibodies are engineered antibodies that can
bind to two different epitopes simultaneously. The dual
targeting concept enables a variety of therapeutic and
diagnostic applications (Kaplon et al., 2023; Ma
et al., 2021). Among the bispecific antibodies, biparatopic
antibodies (bpAbs) are artificially modified multispecific
antibodies that have multiple different epitopes within
the same antigen, allowing a single antibody molecule to
bind to different sites of the target antigen simulta-
neously. Compared with monoclonal antibodies, which
can only bind to single sites of an antigen, bpAbs can
increase binding avidity and exhibit distinct antigen–anti-
body complex formation (Akiba & Tsumoto, 2020). The
format of bpAbs varies widely, but they are classified into
two groups: immunoglobulin G-like containing the Fc
region and fragment-based without the Fc region (Brink-
mann & Kontermann, 2017; Labrijn et al., 2019). Frag-
ment-based bpAb formats can be designed relatively
simply by combining antibodies into one molecule, offer-
ing efficient production with high yields and reduced
costs (Brinkmann & Kontermann, 2017). These bpAb for-
mats have the advantages of high tissue permeability (Ma
et al., 2021) and easy access (Brinkmann & Konter-
mann, 2017; Fan et al., 2015) to the target antigen due to
their smaller size compared to antibodies with the Fc
region. To date, the majority of fragment-based anti-
bodies have been developed by combining the same
modality, such as tandem single-chain variable fragment
(scFv) (Akiba et al., 2020; Yumura et al., 2017), tandem
camelid heavy-chain variable domain (VHH) (Emmerson
et al., 2011; Henry et al., 2021; Roovers et al., 2011; Wal-
ter et al., 2022), and tandem variable heavy (VH) chain
(Bracken et al., 2021). Combinations of different modali-
ties have also been developed, such as antigen binding
fragment (Fab)-scFv (Lu et al., 2002) and Fab-VHH
(Pekar et al., 2020). These combined formats expand
options for the development of engineered antibodies
(Spiess et al., 2015). However, the understanding of
changes of physical properties due to the connection of
different-sized antibodies remains limited, which makes
it challenging to choose the appropriate molecular format
for a desired function against a target molecule. More-
over, optimizing the design of constructs, including the

selection of appropriate fragment antibody modalities
and adjustment of linker length for individual bpAbs, is
required.

Among the various engineered antibody fragment for-
mats, scFvs and VHHs, also known as nanobodies, are
widely utilized. scFvs are minimal antibody fragments
that contain a complete antigen binding site of a conven-
tional antibody. These modules are single-chain mole-
cules of �30 kDa in which two variable domains (variable
heavy and variable light) are connected with a flexible
linker that is typically a (G4S)3 sequence. They can be eas-
ily expressed in functional form in the Escherichia coli
expression system (Ahmad et al., 2012). VHHs are 15 kDa
single domain antibodies derived from camelid heavy
chain antibodies, which typically exhibit high affinity and
stability, good solubility, and a high expression level in
E. coli (Bannas et al., 2017; Muyldermans, 2013). Both
scFvs and VHHs are small-sized antibodies and high-
affinity binders, but they show distinct characteristics in
antigen recognition. While scFvs favor flat linear epitopes,
the epitopes of VHHs are highly diverse and enable bind-
ing to cleft and pocket epitopes as well as flat ones, which
are not accessible to conventional antibodies (Asaadi
et al., 2021; Henry & MacKenzie, 2018). By taking advan-
tage of these characteristics, scFvs and VHHs have been
used in various therapeutic, diagnostic, and research
applications (Asaadi et al., 2021).

MtsABC transporter is expressed on the cell surface of
Streptococcus pyogenes, which causes a wide range of
human infections (Brouwer et al., 2023). This transporter
plays a crucial role in uptake of manganese and iron
(Jakubovics, 2019). Uptake of manganese is critical for
the growth of Group A Streptococcus under oxidative
conditions (Turner et al., 2019). Also, iron is important
for the growth and survival, but the availability of iron in
the host is limited (Ge & Sun, 2014). MtsA, part of the
MtsABC transporter is a lipoprotein that is connected to
the outside of the cell membrane by an N-terminal lipid
anchor, and it binds with free metals. Previous
researchers reported that a recombinant MtsA binds not
only to manganese and iron but also to zinc (Lei
et al., 2003; Sun et al., 2008). The X-ray structure of iron-
bound MtsA was solved at 1.8 Å resolution, which dem-
onstrated that metal ions bind to a pocket between two
N- and C-terminal lobes (Sun et al., 2009). Additionally,
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the analysis of homolog proteins of MtsA revealed that
they change their conformation upon metal binding from
the open to the closed state (Couñago et al., 2014; de Boer
et al., 2019). Restriction of the conformational change
might regulate the function of MtsA and affect the acqui-
sition of metal ions of S. pyogenes from the host
environment.

Herein, we developed a novel single-chain fragment-
based bpAb consisting of both a scFv and a VHH that is
designed to inhibit metal binding of MtsA (Figure 1). Fol-
lowing the selection of a suitable linker based on crystal
structures, we successfully expressed the designed bpAb
as a recombinant protein. We then assessed the charac-
teristics of this bpAb using a physicochemical approach.
Interestingly, we revealed that the complex formation
states were clearly altered by linker length. Based on our
observations, we discuss the utility of the scFv–VHH
asymmetric format from a molecular perspective and pro-
posed steps for optimal future development of bpAbs.

2 | RESULTS

2.1 | Generation of scFv and VHH
against MtsA

We first obtained fragment antibodies that bind to differ-
ent epitopes of MtsA. To generate MtsA-specific scFvs, a

rabbit was immunized with recombinant MtsA. After
confirmation that the serum titer was elevated, RNA was
extracted from the spleen of the rabbit and cDNA
was generated by reverse transcription. Variable frag-
ment (Fv) sequences were amplified and cloned into a
phagemid vector to generate scFvs. In parallel, an alpaca
was immunized to generate VHHs. cDNA was prepared
by RNA extraction followed by reverse transcription.
VHH sequences were amplified and incorporated into
another phagemid vector. Using phage display technol-
ogy, we selected scFvs and VHHs from each library. After
second rounds of bio-panning, we conducted ELISA
assays with immobilized MtsA, and the DNA sequences
of clones showing a MtsA-specific signal were analyzed.
Based on the ELISA results and the clustering of comple-
mentarity determining region (CDR) sequences, we chose
scFv13 and VHH43 for further analysis.

2.2 | Binding characteristics of scFv13
and VHH43 against MtsA

We prepared scFv13 and VHH43 as recombinant proteins
using the E. coli expression system. Since the rabbit anti-
body has a disulfide bond in the form of a bridge between
the variable and the constant region of the kappa chains
(Kawade et al., 2018), the cysteine residue becomes
exposed on the surface when converted into scFv. To
avoid dimerization, the cysteine on residue 238 was
replaced with a serine. We employed surface plasmon
resonance (SPR) and isothermal titration calorimetry
(ITC) to characterize the binding of scFv13 and VHH43
to the antigen MtsA. The SPR analysis showed that
scFv13 and VHH43 bound to MtsA with the dissociation
constant (KD) value of 1.0 and 27 nM, respectively
(Figure 2a and Table 1). The values of the individual
association (kon) and dissociation (koff) rate constants
for scFv13 were 5.8 � 105M�1 s�1 and 5.7 � 10�4 s�1,

FIGURE 1 Constructs of the bpAb in this study. Schematic

representation of the scFv-VHH bpAb. scFv and VHH are fused by

a single amino acid linker.

FIGURE 2 Binding of scFv13 and VHH43 to MtsA. (a) SPR data corresponding to the binding of scFv13 and VHH43 to MtsA. Raw

sensorgrams of scFv13 and VHH43 and fitted sensorgrams are shown in yellow, green, and black lines, respectively. (b) ITC data

corresponding to the binding of scFv13 and VHH43 to MtsA. Representative results are shown.
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and for VHH43 they were 9.0 � 105M�1 s�1 and
2.3 � 10�2 s�1. SPR data revealed that the affinity of
scFv13 to the antigen was an order of magnitude greater
than that of VHH43. We also characterized the interac-
tions using ITC (Figure 2b and Table 1). For scFv13, the
measured KD was 2.0 nM. The enthalpy change (ΔH) and
entropic change (ΔS) were determined as �8.8
and � 2.8 kcal mol�1, respectively. For VHH43, KD was
11 nM. ΔH and ΔS were determined as �12 and
1.2 kcal mol�1, respectively. The calculated KD values
were both comparable to the measured values obtained
through SPR. These parameters showed the bindings of
both scFv13 and VHH43 to MtsA were enthalpy-driven.
These results confirmed that the antibodies specifically
interacted with MtsA with considerable affinities.

2.3 | Structures of the antibodies in
complex with MtsA

To elucidate the epitope of the antibodies, we crystallized
the complexes of MtsA with scFv13 or VHH43, respec-
tively. The structure of scFv13 in complex with MtsA was
determined by X-ray crystallography at 2.8 Å. The results
showed scFv13 bound to the N-terminal lobe on the same
side as the entrance of the metal binding pocket
(Figure 3a,b and Table 2). The binding of Zn2+ ions on
MtsA was confirmed through X-ray absorption fine struc-
ture measurements. To investigate the impact of scFv13
binding on MtsA structure, the Cα atoms of the N-termi-
nal domain (ASP31-PRO163) were superimposed on
scFv13-Zn-bound MtsA and newly solved Zn-bound
MtsA structures. The results showed no significant over-
all structural changes in MtsA due to scFv13 binding,
and the positions of the four residues in the metal-bind-
ing site were not significantly altered (Figure 3c,d).

Subsequently, we obtained two complex structures
involving VHH43 and MtsA: a metal-unbound complex
of MtsA and VHH43 referred to as VHH43-metal-
unbound MtsA (Figure 4a–c and Table 2) and a Zn2+

ion-bound complex of MtsA and VHH43 referred to as
VHH43-Zn-bound MtsA (Figure 4d–f and Table 2).
VHH43-metal-unbound MtsA was determined at 3.66 Å
by X-ray crystallography, while VHH43-Zn-bound MtsA
was determined at 1.65 Å. The VHH43 epitope appeared
to be positioned obliquely backward from the MtsA metal
binding site, suggesting potential binding across the
backbone α-helix and the N- and C-terminal domains.
Comparison of the VHH43-bound MtsA with the Zn-
bound MtsA showed a 4� tilt in the backbone α-helix
upon VHH binding (Figure 4g,h). This slight tilt trans-
mitted to the C-terminal domain, which moved outward
by about 10�. Among the four metal-binding residues,T
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GLU205 and ASP280 from the C-terminal domain shifted
2.2–3.0 and 3.3–3.6 Å away from the metal-binding posi-
tion, respectively. HIS139 from the N-terminal domain
moved 1 Å away from the metal position, and HIS67
flipped towards the solvent side. These findings suggest
that VHH43 binding would stabilize an inactive open
conformation, leading VHH43-bound MtsA to be less
likely to bind to metal. In contrast, the MtsA structure of
VHH43-Zn-bound MtsA did not differ from that of Zn-
bound MtsA (Figure 4i,j). The positions of the four resi-
dues in the metal-binding site were almost identical, indi-
cating that MtsA adopted a closed conformation even in
the presence of VHH43. Collectively, these structural
analyses suggested that MtsA could adopt both open and
closed conformations with bound VHH43, although the
binding of VHH43 may influence MtsA conformations
and affect metal binding.

2.4 | Design and production of the bpAb

We revealed that the antibodies bound to distinct motifs
in MtsA. We designed a bpAb in which scFv13 and

VHH43 were connected via an amino acid linker based
on crystal structures. When co-crystal structures (PDB:
8YJ7, 8YJ8) were overlaid, the distance between the C-
terminus residue of scFv13 and the N-terminus residue of
VHH43 was calculated to be 74 Å (Figure 5a).
The antibodies were connected via a GS linker, as it is
the most commonly used flexible linker and is assumed
not to restrict the movement of the antibodies (Chen
et al., 2013). Given that the length of the (G4S)6 linker
(referred to as the GS30 linker) was estimated to be 108–
114 Å (Chen et al., 2013; Oganesyan et al., 2018; Stein-
hardt et al., 2018), it was of adequate length to form
intramolecular interactions and form the one-to-one
complex.

To express the GS30 bpAb as a recombinant protein,
the genes encoding each fragment antibody were cloned
tandemly into the expression vector pRA2 containing a
C-terminal His6 tag (Figure 5b). Expression of two con-
structs with scFv13 on the N-terminal (scFv13-GS30-
VHH43) or C-terminal (VHH43-GS30-scFv13) side was
attempted using E. coli BL21(DE3) and C43(DE3) strains.
Expression in the soluble fraction was confirmed only for
scFv-GS30-VHH43 with C43(DE3) (Figure S1).

FIGURE 3 Crystal structure

of the complex of scFv13 with

MtsA. (a) Structure of scFv13

bound to MtsA. scFv13 is colored

in blue, and MtsA is in pink.

(PDB ID: 8YJ7) (b) Side view of

the scFv13-bound MtsA

(c) Superposition of scFv13-Zn-

bound MtsA with Zn-bound

MtsA. Zn-bound MtsA is colored

in sky blue, scFv13 is in grayish

blue, and scFv13-Zn-bound

MtsA is in pink.

(d) Superposition of the metal

binding site. Zn-bound MtsA is

colored in sky blue, scFv13-Zn-

bound MtsA is in pink, and Zn is

in red. Protein structures were

visualized with UCSF Chimera

(Pettersen et al., 2004).
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TABLE 2 Data collection and refinement statistics.

scFv13 + Zn-
bound MtsA

VHH43 + metal-
unbound MtsA

VHH43 + Zn-
bound MtsA Zn-bound MtsA

Data collection

PDB ID 8YJ7 8YJ5 8YJ8 8YJ6

Space group P 212121 I 41 C 1 2 1 P 212121

Unit cell dimensions

a, b, c (Å) 72.591, 129.272,
245.588

120.45, 120.45, 156.176 292.931, 58.083, 50.76 39.935, 49.828,
147.398

α, β, γ (�) 90, 90, 90 90, 90, 90 90, 91.24, 90 90, 90, 90

Resolution (Å) 48.27–2.8 (2.85–2.8) 47.79–3.66 (4.02–3.66) 35.57–1.65 (1.67–1.65) 38.55–1.37 (1.39–
1.37)

Wavelength (Å) 1 1 1 1.282

Total reflections 427,091 (41,468) 94,092 (8950) 3,78,190 (36,717) 6,71,595 (14,751)

Unique reflections 57,771 (2603) 12,349 (3077) 1,01,614 (3190) 54,591 (592)

Rmerge 20.9 (>1.000) 0.177 (>1.000) 0.070 (>1.000) 0.074 (0.823)

Rmeas 22.5 (>1.000) 0.190 (>1.000) 0.082 (>1.000) 0.077 (0.896)

CC1/2 0.994 (0.637) 0.996 (0.452) 0.997 (0.569) 0.999 (0.727)

<I/σ(I)> 10.0 (1.6) 7.9 (1.0) 8.4 (1.1) 21.0 (1.6)

Completeness (%) 99.83 (97.45) 99.94 (99.44) 98.88 (90.84) 87.42 (37.00)

Multiplicity 7.38 (7.37) 7.61 (7.24) 3.72 (3.69) 12.3 (6.45)

Wilson B-factor 42.68 148.87 26.54 10.98

Refinement statistics

Resolution (Å) 48.27–2.8 47.79–3.66 35.57–1.65 38.55–1.37

Reflections used in
refinement

57,771 (2603) 12,349 (3077) 1,01,614 (3190) 54,591 (592)

Rwork 0.2215 0.2631 0.1875 0.1699

Rfree 0.2761 0.3033 0.2277 0.1937

No. of non-hydrogen
atoms

15,165 3141 7048 2685

Macromolecules 15,161 3141 6351 2197

Ligands 4 0 2 1

Solvent 0 0 695 487

Protein residues 1977 405 810 278

Average B-factor (Å2) 48.11 106.97 35.16 14.84

Macromolecules 48.11 106.97 34.48 12.62

Ligands 75.28 35.71 7.46

Solvent 41.37 24.87

RMSD bond (Å) 0.015 0.023 0.007 0.005

RMSD angle (�) 1.25 2.04 0.87 0.82

Ramachandran plot

Favored (%) 94.57 94.26 97.26 96.38

Allowed (%) 5.22 4.74 2.37 3.62

Outliers (%) 0.2 1 0.37 0

Clashscore 9.64 7.21 2.78 1.36

6 of 19 ASANO ET AL.



2.5 | Physicochemical characterization
of the bpAb

We prepared the GS30 bpAb (scFv13-GS30-VHH43) as a
recombinant protein using the E. coli expression system
and characterized its molecular properties using physico-
chemical analyses. We then measured the circular
dichroism (CD) spectra to assess the secondary structure

of the GS30 bpAb. The spectrum for the GS30 bpAb was
almost the same as the sum of the scfv13 and VHH43
spectra, suggesting that the folding states of individual
antibodies were the same as those of the original anti-
bodies (Figure 6a). The subtle differences in the signals
may be due to the linker. We also analyzed the thermal
stability of the bpAb using differential scanning calorime-
try (DSC) and found that the peak tail corresponded to

FIGURE 4 Crystal structure

of the complex of VHH43 with

MtsA. (a) Structure of

VHH43-metal-unbound MtsA.

VHH43 is colored in light blue,

and metal-unbound MtsA is in

orange. (PDB ID: 8YJ5) (b) Side

view of the VHH43-metal-

unbound MtsA. (c) Close-up

view of the metal binding site.

(d) Structure of VHH43-Zn-

bound MtsA. VHH43 is colored

in light blue, and Zn-bound

MtsA is in green. (PDB ID: 8YJ8)

(e) Side view of the VHH43-Zn-

bound MtsA. (f) Close-up view

of the metal binding site. Zn is

colored in red. (g) Superposition

of VHH43-metal-unbound MtsA

with Zn-bound MtsA. Zn-bound

MtsA is colored in sky blue,

VHH43 is in light blue,

VHH43-metal-unbound MtsA is

in orange, and Zn is in red.

(h) Close-up view of the metal

binding site. (i) Superposition of

VHH43-Zn-bound MtsA with

Zn-bound MtsA. Zn-bound MtsA

is colored in sky blue,

VHH43-Zn-bound MtsA is in

green, and Zn is in red. (j) Close-

up view of the metal binding

site. Protein structures were

visualized with UCSF Chimera

(Pettersen et al., 2004).
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the melting temperature (Tm) of 59.0�C (Figure 6b and
Table 3). Importantly, ΔH of the GS30 bpAb was almost
the same as the sum of those of scFv13 and VHH43. The
DSC analysis of single scFv13 and VHH43 showed that
each single peak had Tm values of 58.6 and 72.4�C,
respectively.

2.6 | Binding characteristics of the bpAb
against MtsA

We used SPR and ITC to quantitatively evaluate the bind-
ing of the bpAb to MtsA. SPR measurements showed
almost same KD, kon, and koff values compared with
scFv13 (Figure 7a and Table 1). Importantly, ITC analysis
showed that ΔH upon binding of the bpAb was the same

as the sum of ΔH upon scFv13 and VHH43 binding
(Figure 7b and Table 1), suggesting that scFv13 and
VHH43 simultaneously bound to MtsA. Additionally, the
binding of the GS30 bpAb exhibited a larger positive ΔS
than that of either of the fragment antibodies. This unfa-
vorable entropic change might be originated from restric-
tion of the linker fluctuation upon binding.

FIGURE 5 Design of the bpAb based on crystal structure. (a) Superposition of scFv13-bound MtsA with VHH43-metal-unbound MtsA.

The dotted lines show the distance between Cα atoms of the C-terminus residue of scFv13 and the N-terminus residue of VHH43. scFv13 is

shown in gold, the CDR of scFv13 is in blue, VHH43 is in green, the CDR of VHH43 is in yellow, the N-lobe of MtsA is in pink, the C-lobe of

MtsA is in purple, and the backbone of MtsA is in magenta. Protein structures were visualized with UCSF Chimera (Pettersen et al., 2004).

(b) Constructs of scFv-VHH bpAb. scFv13 is linked to VHH43 by the amino acid linker composed of four glycines and one serine repeated

six times [(G4S)x6] at both the N- or C-terminus.

FIGURE 6 Physicochemical properties of the GS30 bpAb. (a) CD spectra of the antibodies. scFv13 is shown in yellow, VHH43 is in

green, the sum of scFv13 and VHH43 is in blue, and the GS30 bpAb is in orange. (b) Thermal stability of the antibodies determined by DSC.

scFv13 is in yellow, VHH43 is in green; and the GS30 bpAb is in orange. Representative results are shown.

TABLE 3 Melting temperature (Tm) and ΔH values of the

GS30 bpAb.

Tm (�C) ΔH (kcal mol�1)

scFv13 58.6 131

VHH43 72.4 86

scFv13-GS30-VHH43 59.0 221
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2.7 | Complex formation of the bpAb
with the GS30 linker

We analyzed the complex state of the bpAb and MtsA
using size-exclusion chromatography coupled with multi-
angle light scattering (SEC-MALS) analysis to measure
absolute molecular weight of the purified bpAb:MtsA
complex. Contrary to expectation, bpAb and MtsA
mainly formed a 2:2 complex with 146 kDa molecular
weight (MW), but a smaller fraction of a 3:3 complex
with 220 kDa MW was also detected (Figure 8a). We col-
lected the complexes in the fraction mainly consisting of
3:3 complexes and observed them using a negative stain
transmission electron microscope (nsTEM). A representa-
tive micrograph is shown as Figure 8b. Although various
sizes and shapes of complexes were observed, likely due
to the equilibrium of the complexes or the effect of fixa-
tion, some of them formed ring-shaped complexes.
Intriguingly, the size of a representative triangular com-
plex fit the model structure of the 3:3 complex (Figure 8c,
d). We then conducted two-dimensional (2D) classifica-
tion to ensure the presence of ring-shaped complexes
(Figure 8e). The result indicated the presence of numer-
ous ring-shaped complexes of varying sizes, but triangu-
lar complexes emerged as the major structure.

2.8 | Comparison of complex formation
of the bpAb with various linkers

As observed above, the GS30 bpAb formed intermolecu-
lar complexes. We next examined the relationship
between the linker length and the complex association
state. GS linkers of 5 and 20 residues were adopted as
short linkers. We attempted to produce GS linkers with

60 residues, but genetic engineering did not work due to
the high GC content. Therefore, we selected a PAS linker
consisting of proline, alanine, and serine, which is
uncharged with a theoretically random coil structure. It
has high solubility and can be lengthened up to several
hundred residues (Lerchner et al., 2016; Schlapschy
et al., 2013) to create a bpAb with a 60 amino acid length
linker. The linker sequences are shown in Table S1.

We prepared each construct as a recombinant protein
and mixed it with equimolar amounts of MtsA to assess
the assembly states of bpAb complexes using SEC-MALS
(Figure 9). Based on the calculated molecular weights,
GS5 predominantly formed 3:3 complexes with potential
formations of 4:4 and 5:5 complexes. While the primary
complex for GS20 was calculated as 190 kDa, suggesting
the ability to form a bpAb:MtsA = 3:2 complex, 2:2 and
3:3 complexes also formed as minor fractions. Collec-
tively, it became apparent that larger multimeric com-
plexes formed as the GS linker length decreased. In
contrast, the longer linker PAS60 mainly formed a 1:1
intermolecular complex of 76 kDa. Although 2:2 intramo-
lecular complexes were also present, we successfully pro-
duced an intramolecular complex by lengthening the
linker.

To assess the presence of an equilibrium between the
complexes, each complex fraction was collected and rein-
jected into the analytical SEC with different time scales
after separation. Mixed GS30 bpAb and MtsA in a molar
ratio of 1:1.2 was injected into the SEC, and the 3:3 and
2:2 complexes were collected separately. Within several
hours, the complexes were reinjected into the SEC with
adjusted concentration. The results of the 3:3 complexes
revealed that not only the presence of the 3:3 complex
peak but also the emergence of a peak of 2:2 complexes,
confirming the existence of an equilibrium between

FIGURE 7 Binding of the GS30 bpAb to MtsA. (a) SPR data corresponding to the binding of the GS30bpAb to MtsA. Raw sensorgrams

and fitted curves are shown in orange and black lines, respectively. (b) ITC data corresponding to the binding of the GS30 bpAb to MtsA.

Representative results are shown.
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complexes (Figure 10a). Additionally, the 3:3 complex
emerged from the 2:2 complexes (Figure 10b). We
repeated the experiment 7 days later, and no significant

change in the state of complex formation was observed.
As for the PAS60 bpAb complexes, we collected the 2:2
and 1:1 complexes separately and subjected them to SEC
with adjusted concentration. From the 2:2 complexes, a
distinct 1:1 complex peak emerged alongside the 2:2 com-
plex peak within several hours (Figure 10c). Following a
7-day incubation at 4�C, the amount of 1:1 complex
increased, leading to a decrease in the amount of 2:2
complexes. In contrast, when the 1:1 complex was
injected, the 2:2 complex peak did not appear, even after
7 days (Figure 10d). In summary, transition of the com-
plex state was observed for both GS30 bpAb and PAS60,
although the stable complex differed between the two
constructs.

2.9 | Blocking the metal binding of MtsA
with the GS30 linker bpAb

Finally, we used ITC to assess whether the bpAb affected
the metal binding of MtsA (Figure 11 and Table 4). Exo-
thermic reactions were observed for the titration of

FIGURE 8 Complex formation of the GS30 bpAb with MtsA. (a) SEC-MALS of the GS30 bpAb and MtsA complex. Orange lines

represent relative value of absorbance at 280 nm. Red lines represent molecular weight. (b) Representative nsTEM micrograph of the

GS30bpAb:MtsA complex. (c) Close-up view of a representative GS30bpAb:MtsA ring-shaped complex. (d) Model structure of the 3:3

complex. The scale bar represents 15 nm. Protein structures were visualized with UCSF Chimera (Pettersen et al., 2004).

(e) 17 representative 2D nsTEM class averages of the ring-shaped GS30 bpAb:MtsA complex. The scale bar represents 10 nm.

FIGURE 9 Complex formation of the bpAb linked by various

linkers. SEC-MALS of bpAbs with various linkers and the MtsA

complex. Relative value of absorbance at 280 nm and molar mass

are represented by thin and bold lines, respectively. GS5 is shown

in dark orange, GS20 is in blue, GS30 is in orange, and PAS60 is in

purple.
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manganese ion (Mn2+) against MtsA, with stoichiometry
of 0.72 ± 0.09 (Figure 11a). In the presence of two equiva-
lent molecules of scFv13, the enthalpic change upon Mn2+

binding decreased by about 2 kcal mol�1, and the stoichi-
ometry decreased from 0.80 to 0.66 (Figure 11b). This
result suggested that scFv13 antibodies affected the Mn2+

binding properties of MtsA but that this effect was insuffi-
cient to inhibit metal binding. On the other hand, in the
presence of two equivalent molecules of VHH43, the
enthalpic change upon Mn2+ binding decreased by
0.64 kcal mol�1, and no change in stoichiometry was
observed (Figure 11c). When scFv13 and VHH43 were
simultaneously added to MtsA, the stoichiometry and the
binding enthalpy decreased to about the same extent as
that observed for scFv13 alone (Figure 11d). Next, we
examined the metal binding inhibition of MtsA by GS30
bpAb and PAS60 bpAb, hypothesizing that two antibodies
connected via an amino acid linker would further affect
the Mn2+ binding to MtsA. However, none of them caused
complete inhibition, although the parameters changed to
some extent (Figure 11e,f). Collectively, these results indi-
cated that only scFv13 could influence the equilibrium of

the MtsA-Mn2+ interaction and that simultaneous binding
of bpAb to distinct epitopes on MtsA did not impact the
metal binding activity.

3 | DISCUSSION

In this study, we successfully developed and character-
ized a novel format scFv-VHH bpAb against MtsA. While
various formats of bpAbs for fragment antibodies have
been developed, herein we report a novel construct. Com-
bining two fragment antibodies with distinct epitopes
and binding affinities via a GS30 linker did not result in
formation of the intramolecular 1:1 complex. The ther-
modynamic parameters of ITC indicated that both scFv13
and VHH43 simultaneously bound to MtsA. However,
the GS linker can adopt an unstructured, random coil
conformation (Evers et al., 2006), so the average end-to-
end distance of the linker would be shorter than calcu-
lated. The linker length may not be enough to form an
intramolecular binding complex. Indeed, extending the
linker to 60 residues (i.e., the PAS60 linker), resulted in

FIGURE 10 Equilibrium between bpAb and MtsA complexes. Analytical SEC of fractioned the bpAb and MtsA complex. Ultraviolet

absorbance at 280 nm is represented. (a) Reinjection of the 3:3 complex of GS30 bpAb and MtsA (orange: day 0, brown: day 7).

(b) Reinjection of the 2:2 complex of GS30 bpAb and MtsA (orange: day 0, brown: day 7). (c) Reinjection of the 2:2 complex of PAS60 bpAb

and MtsA (light purple: day 0, purple: day 7). (d) Reinjection of the 1:1 complex of PAS60 bpAb and MtsA (light purple: day 0, purple:

day 7).
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bpAb and MtsA forming the 1:1 complex via intramolec-
ular crosslinking. In contrast, shortening the linker
resulted in the formation of larger multimeric complexes.
These results indicate that linker length significantly
influenced the complex formation states. We assume that
the determining factor for the complex formation state is
spatial accessibility constraint. Initially, either of the frag-
ment antibodies binds to MtsA, followed by the other
antibody binding to MtsA. In this step, it would be diffi-
cult for the other antibody connected by a short linker to
the first antibody to bind to the already antibody-bound
MtsA due to spatial limitations. Thus, bpAb with shorter
linkers tended to form larger complexes. Given that PAS
linkers are thought to be less flexible than GS linkers
(Gräwe et al., 2020; Schlapschy et al., 2013), linkers with
varied rigidity, surface charge, and hydrophilicity may
result in different complex formation behavior.

FIGURE 11 Metal binding inhibition of the bpAb. Titration curve of the ITC analysis of the interaction between Mn2+ and MtsA in the

presence of 2M equivalent antibodies: (a) buffer, (b) scFv13, (c) VHH43, (d) scFv13 and VHH43, (e) GS30 bpAb (scFv13-GS30-VHH43), and

(f) PAS60 bpAb (scFv13-PAS60-VHH43). Representative results are shown.

TABLE 4 Binding parameters of manganese ion to MtsA with

antibodies.

N
ΔH
(kcal mol�1)

MtsA
+2 mol equiv. scFv13

0.796
0.659

�8.42
�7.48

MtsA
+2 mol equiv. VHH43

0.776
0.731

�8.49
�7.85

MtsA
+2 mol equiv. scFv13, VHH43

0.749
0.423

�10.3
�7.46

MtsA
+2 mol equiv.
scFv13-GS30-VHH43

0.667
0.546

�8.74
�6.61

MtsA
+2 mol equiv.
scFv13-PAS60-VHH43

0.697
0.554

�8.21
�6.00
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The results of the SEC analysis indicated that there is
an equilibrium state in the ratio of complexes depending
on linker length. Even if complexes with certain associa-
tion state are isolated, the association state changes to
meet the equilibrium condition. The speeds of reaching
equilibrium state are likely different depending on the
length of linkers. Nevertheless, we observed a variety of
complexes, including a 3:2 complex, for GS20 in the SEC-
MALS analysis. The simultaneous formation of different
sized complexes may be due to the unbalanced affinity
between scFv and VHH, resulting in complexes in kinetic
transition states. Considering that the analytical SEC
experiments were conducted with diluted samples
through the first SEC, the concentration of the
samples may also have affected the association states.
Considerations on transition states of complexes may be
important for further development of bpAbs depending
on mechanism of their actions.

A critical feature of the bpAb developed in this study
is its asymmetric structure, which connects different for-
mats of fragment antibodies. Indeed, it showed distinct
characteristics compared with previously developed
bpAbs. The DSC analysis of single scFv13 and VHH43
showed that each single peak had Tm values of 58.6 and
72.4�C, respectively. Given that bpAb had the almost
identical melting temperature with scFv13 and denatured
in a single peak with larger enthalpic change, VHH43
portion would denature simultaneously with scFv13. The
CD analysis revealed that the folding states of individual
antibodies were likely to be the same as those of the origi-
nal antibodies, thus scFv13 and the flexible linker would
destabilize the VHH43 kinetically. These results align
with a previous report about linked VHHs that demon-
strated that the unfolding of VHHs with higher Tm values
coincided with the simultaneous unfolding of the other
VHHs39. As for binding to the antigen, the thermody-
namic parameters of the interaction with MtsA were
close to the combination of scFv13 and VHH43, indicat-
ing simultaneous binding of scFv13 and VHH43. Never-
theless, the improvement in kinetic parameters was
limited compared to previous studies showing that link-
ing VHHs or VHs, which bind to different epitopes with
a 20-amino-acid glycine-serine linker, resulted in a signif-
icantly slower koff (Bracken et al., 2021; Henry
et al., 2021; Wagner et al., 2021; Walter et al., 2022). This
result may be due to the large affinity gap between the
two antibodies. Also, as researchers previously reported
that the order of the fragment antibodies in the bpAb
constructs significantly affected the affinity (Glaven
et al., 2012), the relative position of paratopes in each
fragment antibody would be critical to their avidity effect.
Alternatively, because MtsA was immobilized on a sensor
chip in our SPR experiments, both epitopes for scFv13
and VHH43 may not have been exposed. Connecting

antibodies with similar affinities and/or different epitopes
might improve the avidity effect.

nsTEM observations successfully captured the ring-
shaped 3:3 complex, supporting the results of the SEC-
MALS analysis. Because there is an equilibrium between
complexes, we expected the 2:2 complex to be present on
the grids. However, we were unable to clearly distinguish
the 2:2 complex from various sized particles. In contrast,
we did observe larger complexes exceeding 3:3 and
string-like structures. The sample preparation steps for
nsTEM, such as fixation on the grid and drying, may
have affected complex formation (Ohi et al., 2004).

We obtained co-crystal structures for each antibody
with MtsA, and we were particularly successful in obtain-
ing the co-crystal structure of VHH43 with metal-
unbound MtsA at 3.66 Å. The low resolution may suggest
the high structural flexibility of metal unbound MtsA.
Although the structure implied that the binding of
VHH43 to MtsA could potentially influence metal bind-
ing of MtsA, no significant changes were observed in the
ITC experiments. As the affinity of VHH43 is lower than
that of metals and it does not directly bind to the metal
binding pocket, the actual impact on metal binding might
be limited. Moreover, the crystallization might represent
a snapshot of metal-unbound MtsA, which would not be
in equilibrium state. On the other hand, scFv13 appeared
to affect the metal binding of MtsA. The structural analy-
sis suggested that scFv13 bound to the epitope near the
metal binding pocket and suppressed N-lobe movement
upon metal binding. Therefore, we hypothesized that the
bpAb binding at two sites astride the N- and C- lobes
simultaneously could further constrain the conformation
of MtsA and potentially inhibit metal binding. However,
the decrease in stoichiometry was comparable to that of
scFv13 alone, and no inhibitory effect was observed. For
tiny ligands like metals, a direct inhibition approach
might be more effective.

In conclusion, this is the first report of the develop-
ment of a scFv-VHH format bpAb, and we evaluated its
properties using physicochemical approaches. These
results provide important insight into the design strategy
of fragment-based bpAbs against new targets. We believe
that this work will promote the creation of novel bpAbs
with desired functions.

4 | METHODS

4.1 | Expression and purification of
recombinant MtsA

The gene encoding MtsA (31–310) was amplified, and the
PCR products were inserted into a pColdІ vector with an
N-terminal His6 SUMO tag. E. coli strain BL21(DE3)
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transformed with the vector was grown at 37�C in lysog-
eny broth (LB) medium supplemented with 50 μg/mL
ampicillin. When optical density (OD600) reached 0.5,
protein expression was induced by adding isopropyl β-D-
1-galactopyranoside (IPTG) at a final concentration of
0.5 mM for 24 h at 20�C. Cells were harvested by centri-
fugation at 7000 � g for 10 min, and the pellet obtained
was resuspended with 20 mM Tris–HCl (pH 8.0),
500 mM NaCl, 5 mM imidazole. Cells were subsequently
sonicated for 20 min with an ultrasonic cell-disruptor
instrument (TOMY, Tokyo, Japan). The supernatant con-
taining the soluble intracellular components was
obtained by ultracentrifugation at 40,000 � g for 30 min.
The soluble fraction was applied to the column filled
with a Ni-NTA agarose (QIAGEN, Hilden, Germany)
equilibrated with 20 mM Tris–HCl (pH 8.0), 500 mM
NaCl, 5 mM imidazole. The column was washed sequen-
tially with 20 mM Tris–HCl (pH 8.0), 500 mM NaCl,
5 mM imidazole, and His6 SUMO tagged MtsA was
eluted with 100 mM imidazole in 20 mM Tris–HCl
(pH 8.0), 500 mM NaCl. The eluted protein was mixed
with His6-tagged SUMO protease 1 (Ulp1) and dialyzed
at 4�C overnight in 20 mM Tris–HCl (pH 8.0), 500 mM
NaCl, 5 mM imidazole. The solution was loaded onto a
Ni-NTA agarose column to remove uncut MtsA, the cut
tags, and the added protease. To remove any metal ions,
the flow through was dialyzed at 4�C overnight in 5 mM
EDTA with 50 mM HEPES-NaOH (pH 7.5), 200 mM
NaCl, 300 μM NaHCO3 and then subjected to size exclu-
sion chromatography (SEC) with a Hiload 26/60 Super-
dex 75 pg column (Cytiva, Marlborough, MA, USA)
equilibrated with 50 mM HEPES-NaOH (pH 7.5),
200 mM NaCl, 300 μM NaHCO3. The monomer peak
fraction was collected. For ITC experiments, MtsA was
further purified to remove metal-bound MtsA. The flow
through of His-SUMO tag cut MtsA was dialyzed at 4�C
overnight in 50 mM HEPES-NaOH (pH 7.5), 20 mM
NaCl, 5 mM EDTA, and anion-exchange chromatogra-
phy was performed using a Resource™ Q 1 mL column
(Cytiva). The column was washed with 50 mM HEPES-
NaOH (pH 7.5), 20 mM NaCl before injection of the pro-
tein. After injection of the protein, the column was
washed with 50 mM HEPES-NaOH (pH 7.5), 20 mM
NaCl. Then, 50 mM HEPES-NaOH (pH 7.5), 200 mM
NaCl, 300 μM NaHCO3 was added to elute the protein.
Eluted fractions were collected for ITC analysis.

4.2 | Generation of scFv13

A rabbit was immunized with recombinant MtsA to gen-
erate single-chain variable fragments (scFvs). MtsA was
injected four times every 2 weeks. After verifying the ele-
vation of antibody titer in rabbit serum against MtsA,

total RNA was isolated from the rabbit spleen using
Sepasol®-RNA I Super G (Nacalai Tesque, Kyoto, Japan).
The cDNA was prepared by reverse transcription using
the PrimeScript™ 1st strand cDNA Synthesis Kit
(TaKaRa, Shiga, Japan), and the variable domain
sequences of the heavy and light chains were amplified
by PCR using Q5 High-Fidelity DNA Polymerase (New
England Biolabs, Ipswich, MA, USA). PCR products were
isolated by 2.0% agarose gel electrophoresis and purified
using Nucleo Spin Gel and PCR Clean-up (Macherey-
Nagel, Dürin, Germany). Heavy and light strand DNAs
were inserted into the pADL23c vector using NEBuilder
HiFi DNA Assembly (New England Biolabs), and the
plasmids were purified with Agencourt AMPure XP
(Beckman Coulter, Brea, CA, USA). TG1 electrocompe-
tent cells were transformed with the scFv library by elec-
troporation. The scFvs were selected by panning using
MtsA-immobilized immunotubes and evaluated by
ELISA assay. The 13th clone, which showed specific
binding to MtsA, was named scFv13.

4.3 | Generation of VHH43

An alpaca was immunized with recombinant MtsA to
generate heavy chain only antibodies. Seven weeks after
the injection, lymphocytes were collected from the blood,
and the total RNA was isolated with TRIZOL reagent
(Thermo Fisher Scientific, Waltham, MA, USA). The
cDNA was prepared by reverse transcription using Super
ScriptIII Reverse Transcriptase (Thermo Fisher Scien-
tific), and the variable domain of the heavy chain only
antibody (VHH) sequences were amplified by PCR using
Q5 High-Fidelity DNA Polymerase. The PCR products
were isolated by 0.8% agarose gel electrophoresis and
purified with Nucleo Spin Gel and PCR Clean-up. The
VHH DNA was inserted into the pLUCK2001Q4 vector
using NEBuilder HiFi DNA Assembly, and the plasmids
were purified with Agencourt AMPure XP. TG1 electro-
competent cells were transformed with the VHH library
by electroporation. The VHHs were selected by panning
using MtsA-immobilized immunotubes and evaluated by
ELISA assay. The 43rd clone, which showed specific
binding to MtsA, was named VHH43.

4.4 | Expression and purification of
scFv13/VHH43

The DNA of fragment antibodies were inserted into a
pRA2 vector, respectively. A His6 tag was added at the C-
terminus of the protein. To promote the expression of the
periplasmic region, the pelB leader sequence was placed
at the N-terminus. E. coli strain BL21(DE3) transformed
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with the vector was grown at 28�C in LB medium supple-
mented with 50 μg/mL ampicillin. When OD600 reached
0.8, protein expression was induced by adding 0.5 mM
IPTG for 20 h at 20�C. Cells were harvested by centrifu-
gation at 7000 � g for 10 min, and the pellet was resus-
pended with 20 mM Tris–HCl (pH 8.0), 500 mM NaCl,
5 mM imidazole. Cells were subsequently sonicated for
20 min with an ultrasonic cell-disruptor instrument. The
supernatant containing the soluble intracellular compo-
nents was obtained by ultracentrifugation at 40,000 � g
for 30 min. The soluble fraction was applied to a Ni-NTA
agarose column equilibrated with 20 mM Tris–HCl
(pH 8.0), 500 mM NaCl, 5 mM imidazole. The column
was washed sequentially in20 mM Tris–HCl (pH 8.0),
500 mM NaCl, 50 mM imidazole, and each His6 tagged
antibody was eluted with20 mM Tris–HCl (pH 8.0),
500 mM NaCl, 200 mM imidazole. The eluted protein
was subjected to SEC with a Hiload 26/60 Superdex 75 pg
column equilibrated with 50 mM HEPES-NaOH
(pH 7.5), 200 mM NaCl, 300 μM NaHCO3. The monomer
peak fraction was collected.

4.5 | Expression and purification of
bpAbs

scFv13 and VHH43 were genetically linked using differ-
ent linkers (Table S1) and cloned into pRA2 vector with a
C-terminal His6 tag and N-terminal pelB leader
sequence. E. coli strain C43 (DE3) transformed with the
vector was grown at 28�C in LB medium supplemented
with 50 μg/mL ampicillin. When OD600 reached 0.8, pro-
tein expression was induced by adding 0.5 mM IPTG for
20 h at 20�C. Cells were harvested by centrifugation at
7000 � g for 10 min, and the pellet obtained was resus-
pended in 20 mM Tris–HCl (pH 8.0), 500 mM NaCl,
5 mM imidazole. Cells were subsequently sonicated for
20 min with an ultrasonic cell-disruptor instrument. The
supernatant containing the soluble intracellular compo-
nents was obtained by ultracentrifugation at 40,000 � g
for 30 min. The supernatant of the cell culture, the solu-
ble fraction, and the insoluble fraction were analyzed by
SDS-PAGE and western blotting to check the expression
of the bpAb in each fraction. The bpAb was purified from
soluble fraction following the same method as that used
for fragment antibodies.

4.6 | Crystallization of metal-
bound MtsA

Purified MtsA was dialyzed in 10 mM Tris–HCl (pH 8.0)
and 30 mM NaCl. The sample was concentrated to
10 mg/mL prior to crystallization experiments. The

optimal conditions for crystallization were determined
using an Oryx8 instrument (Douglas Instruments, Berk-
shire, UK) and Index (Hampton Research, Alisa Viejo,
CA, USA). The crystal used for data collection was
obtained in a crystallization solution containing 0.2M
MgCl2, 0.1M Tris (pH 8.5), 25% w/v PEG3350.

4.7 | Crystallization of antibody-
bound MtsA

Purified antibody (scFv13 or VHH43) was mixed with
purified MtsA and subjected to SEC to purify the complex
in 50 mM HEPES-NaOH (pH 7.5), 200 mM NaCl,
300 μM NaHCO3. The fractions containing complex were
separately dialyzed in 10 mM Tris–HCl (pH 8.0) and
30 mM NaCl. The fractions were pooled together
and concentrated to 10 mg/mL prior to the crystallization
experiments (hanging drop). The optimal conditions for
crystallization were determined using an Oryx8 instru-
ment using Index and PEG/Ion screen kits (Hampton
Research). For the scFv13-Zn-bound MtsA complex, the
crystallization solution consisted of 0.05M zinc acetate
dihydrate and 20% w/v PEG 3350. For the VHH43-metal-
unbound MtsA complex, the solution contained 1.8M
ammonium citrate tribasic (pH 7.0). For the VHH43-Zn-
bound MtsA, the solution contained 0.2M ammonium
sulfate and 20% w/v PEG 3350. Suitable crystals were
harvested, briefly incubated in mother liquor supplemen-
ted with 20% glycerol, and transferred to liquid nitrogen
for storage.

4.8 | Data collection and refinement

Data collection was performed on BL26B2 (Ueno
et al., 2006) at SPring-8. The collected diffraction images
were processed with XDS (Kabsch, 2010). For the MtsA-
Zn ion complex structure, X-ray Absorption Fine Struc-
ture (XAFS) was performed to determine the wavelength
used in the single wavelength anomalous dispersion
(SAD) method. Based on the XAFS result, the dataset
was collected at a wavelength of 1.282 Å. Experimental
phases for the MtsA-Zn complex structure were deter-
mined using the 1.37 Å resolution SAD dataset.
Determining the heavy atom sub-structure using SAD
and subsequent initial structure determination was deter-
mined by Crank2 software (Potterton et al., 2018), fol-
lowed by model building using phenix.autobuild (Adams
et al., 2010) and structure refinement using phenix.refine
and coot (Emsley et al., 2010). The structures of scFv13-
Zn-bound MtsA, VHH43-metal-unbound MtsA, and
VHH43-Zn-bound MtsA were determined using PDB ID
3HH8 (MtsA), 6PIL (scFv), and 7KN7 (VHH) with
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phenix.phaser. The initial structures were model built
with phenix.autobuild and refinement was performed
with phenix.rosetta_refine, phenix.refine and coot.

4.9 | SPR analysis of antibody binding

Interaction analysis between MtsA and antibodies was
conducted using a Biacore T200 instrument (Cytiva). The
antibodies were immobilized on a CM5 chip (Cytiva) by
amine coupling (Fischer, 2010) with acetate at pH 4.5
and with an immobilization level aim of 500 RU for
scFv13 and GS30 bpAb and 900 RU for VHH43. The acti-
vated surface of the sensor was blocked with 1M ethanol-
amine. The interactions between MtsA and antibodies
were measured by injecting increasing concentrations of
antibodies into the sensor chip at a flow rate of 30 μL/
min. Measurement of the interaction was carried out in
50 mM HEPES-NaOH (pH 7.5), 200 mM NaCl, 300 μM
NaHCO3, 0.005% (v/v) Tween20 at 25�C. Antibody bind-
ing was measured in a multicycle manner with concen-
trations of scFv13 ranging from 0.37 to 25 nM, VHH43
ranging from 15 to 500 nM, and GS30bpAb ranging from
0.37 to 12.5 nM, and the regeneration steps were per-
formed with 10 mM glycine–HCl at pH 2.0 (Cytiva). The
SPR data were analyzed using BIAevaluation software
(Cytiva).

4.10 | ITC analysis of antibody binding

The ITC experiments were performed using an iTC200
microcalorimeter (Malvern Panalytical, Malvern, UK).
The antibodies were dialyzed separately in 50 mM
HEPES-NaOH (pH 7.5), 200 mM NaCl, 300 μM NaHCO3

at 4�C overnight. MtsA was concentrated using an ultra-
filtration unit (Amicon-Ultra-0.5, 10K, Merck KGaA,
Darmstadt, Germany) and diluted with 50 mM HEPES-
NaOH (pH 7.5), 200 mM NaCl, 300 μM NaHCO3, and the
process was repeated three times. The cell was filled with
10 μM antibodies, and the syringe was filled with 100 μM
MtsA. The first injection of 0.5 μL (omitted from the anal-
ysis) was followed by 19 injections of 2 μL with 120 s
intervals at a constant temperature of 25�C. The titration
syringe was continuously stirred at 750 rpm. The obtained
data were fitted by nonlinear regression of the integrated
data to a one-site binding model using ORIGIN 7.0 soft-
ware (MicroCal, Northampton, MA, USA).

4.11 | Circular dichroism spectra

Circular dichroism (CD) spectroscopy measurements
were carried out using a JASCO J-820 spectropolarimeter

(JASCO, Tokyo, Japan). For measurements in the far-
ultraviolet region, each of the antibodies (10 μM, in
50 mM HEPES-NaOH (pH 7.5), 200 mM NaCl, 300 μM
NaHCO3) was placed in a 1-mm quartz cell and mea-
sured five times with a bandwidth of 1 nm. The molar
ellipticity (Mol. Ellip. [deg cm2 dmol�1]) of each antibody
was determined following Kelly et al. (2005)

Mol:Ellip:¼ 100�θ= C�dð Þ

where θ is the observed ellipticity [�], C is the concentra-
tion of the protein [M], and d is the path length [cm].

4.12 | Differential scanning calorimetry

The thermal stability of the antibodies was measured by
DSC using a MicroCal PEAQ-DSC Automated System
(Malvern). The protein samples (1 mg/mL in 50 mM
HEPES-NaOH (pH 7.5), 200 mM NaCl, 300 μM NaHCO3)
were heated from 20 to 110�C at a scanning rate of 1.0�C/
min. The data were analyzed using MicroCal PEAQ-DSC
software (Malvern).

4.13 | SEC with multi-angle light
scattering detection

The MWs of complexes were determined using 10/300
Superdex 200 pg increase columns (Cytiva) with inline
DAWN8+ MALS (Wyatt Technology, Santa Barbara, CA,
USA), an ultraviolet detector (Shimadzu, Tokyo, Japan),
and a refractive index detector (Shodex, New York, NY,
USA). Protein samples (45 μL) were injected at 20 μM
bpAb with 20 μM MtsA. Analysis was performed using
ASTRA software (Wyatt Technology). The protein con-
centration was calculated from the refractive index. All
detectors were calibrated using bovine serum albumin
(Sigma-Aldrich, St. Louis, MO, USA).

4.14 | Negative stain electron
microscopy and image processing

A mixture of 20 μM MtsA and 20 μM GS30 bpAb was
loaded on a 10/300 Superdex 200 pg increase column pre-
equilibrated with 50 mM HEPES-NaOH (pH 7.5) and
200 mM NaCl. The elution was fractionated and frozen
in liquid nitrogen. Protein samples were thawed on ice
and diluted to 100 nM. An aliquot of 3 μL of GS30 bpAb
and MtsA complex were adsorbed for 30 s at room tem-
perature to freshly glow-discharged carbon-coated
400 line/inch square mesh copper-grids (Gilder Grids,
Lincolnshire, UK). Next, a 5 μL drop of 1%
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phosphotungstic acid was applied on the grid for negative
staining. Subsequently, the excess amount of solution
was removed with a filter paper and the grid was stained
with another drop of 1% phosphotungstic acid. The solu-
tion was removed and the grid was air-dried. Images
were collected using a JEM-1400Plus TEM (JEOL, Tokyo,
Japan) operated at 120 kV at a nominal magnification of
40k. The complete 149 ring-shaped particles were manu-
ally picked and classified into 50 classes by 2D classifica-
tion using CryoSPARC (Punjani et al., 2017). Seventeen
representative classes are shown in Figure 8e.

4.15 | Analytical SEC

Analytical SEC was conducted using a 10/300 Superdex
200 pg increase column and AKTA pure (Cytiva). Fifty
millimolar HEPES-NaOH (pH 7.5), 200 mM NaCl,
300 μM NaHCO3 was used as the running buffer, and the
run was conducted at 4�C, flow 0.5 mL/min. For
the analysis, bpAb and MtsA were mixed in a molar ratio
of 1:1.2 and incubated at 4�C overnight. After 0.22 μm fil-
tration, the sample was injected and the fraction of each
complex was collected. The concentration was adjusted
to 0.3 μM by dilution, and the solution was incubated at
4�C for several hours or 7 days. The same volume of sam-
ples were reinjected into the SEC column after filtration
through a 0.22 μm filter.

4.16 | Metal binding analysis of MtsA
by ITC

Managanase ion binding to MtsA without antibodies was
measured using an iTC200 microcalorimeter as the con-
trol (Malvern). Manganese(II) chloride tetrahydrate
(FUJIFILM Wako Pure Chemical Corporation, Rich-
mond, VA, USA) was prepared at 500 mM in Milli-Q
water and diluted to 200 μM with 50 mM HEPES-NaOH
(pH 7.5), 200 mM NaCl, 300 μM NaHCO3. MtsA was con-
centrated on an ultrafiltration unit (Amicon-Ultra-0.5,
10K, Merck KGaA) and diluted with 50 mM HEPES-
NaOH (pH 7.5), 200 mM NaCl, 300 μM NaHCO3, and the
process was repeated three times. The cell was filled with
20 μM MtsA, and the syringe was filled with 200 μM
freshly prepared manganese(II) chloride tetrahydrate.
The first injection of 0.5 μL (omitted from the analysis)
was followed by 19 injections of 2 μL with 120 s intervals
at a constant temperature of 25�C. The titration syringe
was continuously stirred at 750 rpm. The obtained data
were fitted by nonlinear regression of the integrated
data to a one-site binding model using ORIGIN 7.0
software.

The inhibition of metal binding by antibodies was also
measured. To remove the metal ion within antibodies,
the antibodies were dialyzed at 4�C overnight in 50 mM
HEPES-NaOH (pH 7.5), 200 mM NaCl, 300 μM NaHCO3

supplemented with 1 mM EDTA and subjected to SEC
with a Hiload 26/60 Superdex 75 pg column equilibrated
with 50 mM HEPES-NaOH (pH 7.5), 200 mM NaCl,
300 μM NaHCO3. The eluted antibodies were dialyzed
separately in 50 mM HEPES-NaOH (pH 7.5), 200 mM
NaCl, 300 μM NaHCO3 at 4�C overnight. The iTC200 cell
was filled with 20 μM MtsA supplemented with 40 μM of
antibodies, preliminarily incubated at room temperature
for 30 min, and centrifuged at 4�C at 20,000 � g for
10 min to remove aggregations. The obtained data were
analyzed using the program ORIGIN 7.0, and the binding
of metal to MtsA was compared with the binding of metal
to the complex of antibodies with MtsA.
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